Several of the most significant bacterial pathogens in humans, including Streptococcus pyogenes, express surface proteins that bind IgG antibodies via their fragment crystallizable (Fc) region, and the dogma is that this protects the bacteria against phagocytic killing in blood. However, analysis of samples from a patient with invasive S. pyogenes infection revealed dramatic differences in the presence and orientation of IgG antibodies at the surface of bacteria from different sites. In the throat, IgG was mostly bound to the bacterial surface via Fc, whereas in the blood IgG was mostly bound via fragment antigen-binding (Fab). In infected and necrotic tissue, the Fc-binding proteins were removed from the bacterial surface. Further investigation showed that efficient bacterial IgGFc-binding occurs only in IgG-poor environments, such as saliva. As a consequence, the bacteria are protected against phagocytic killing, whereas in blood plasma where the concentration of IgG is high, the antibodies preferentially bind via Fab, facilitating opsonization and bacterial killing. IgG-poor environments represent the natural habitat for IgGFc-binding bacteria, and IgGFc-binding proteins may have evolved to execute their function in such environments. The lack of protection in plasma also helps to explain why cases of severe invasive infections with IgGFc-binding bacteria are so rare compared with superficial and uncomplicated infections.
It has been estimated that Streptococcus pyogenes, a major bacterial pathogen in humans, causes >700 million cases of throat and skin infec tions annually. Compared with these very com mon and mostly uncomplicated infections, the cases where the bacterium invades the blood stream and induces a powerful inflammatory re sponse (Kotb et al., 2002; Herwald et al., 2004; Macheboeuf et al., 2011) are rare (0.6 million annually), but connected with high mortality rates (Carapetis et al., 2005; Cole et al., 2011) . Apart from the frequent superficial infections mentioned above, there are also hundreds of millions healthy carriers of S. pyogenes (predomi nantly colonized in the throat). Although a most relevant question, little is known about the mechanisms that convert a nonsymptomatic colonization or a superficial infection into an invasive and lifethreatening condition.
Opsonization, the process where antibodies bind to and target microorganisms to facilitate their killing by phagocytes, is vital for the de fense against infections. However, many bacte rial species, Grampositive and Gramnegative, aerobic and anaerobic, and pathogenic as well as commensal bacteria (Forsgren and Sjöquist, 1966; Björck and Kronvall, 1984; Lindahl and Kronvall, 1988; Björck, 1988; Mintz and Fives Taylor, 1994; Sandt and Hill, 2001) , interfere with this mechanism by expressing surface pro teins that bind antibodies outside the antigen binding region. Among these proteins some of the most wellknown are those that bind to the constant fragment crystallizable (Fc) part of IgG (IgGFc) antibodies with high affinity and speci ficity, including protein A from Staphylococcus aureus (Forsgren and Sjöquist, 1966) , protein G from group G and C streptococci (Björck and Kronvall, 1984; Reis et al., 1984) , and the M and Mlike proteins from Streptococcus pyogenes (Heath and Cleary, 1989) . Apart from these Grampositive species, IgGFcbinding proteins have been identified also in other pathogenic Figure 1 . Antibodies at the surface of S. pyogenes isolated from a patient with invasive disease. (A-C) Negative staining electron microscopy was used to visualize the localization and orientation of IgG antibodies bound to the surface of bacteria isolated from the throat (A), blood (B), and necrotic tissue fluid in the thigh (C) of a patient suffering from necrotizing fasciitis and streptococcal toxic shock. Bar, 100 nm. The top right images are pseudocolored to better illustrate the single IgG molecules (red) and bacterial IgGFc-binding proteins H/M1 (green). The arrowhead in the bottom left panel of B indicates a typical area from which the top left panel of B was taken. For the tissue sample, most of the M1/H proteins have been cleaved off of the surface, making the analysis of antibody orientation uncertain. The composition of protein complexes found at the bacterial surface in the blood sample (most of the surface was covered by these aggregates) and released from the bacterial surface in the necrotic tissue (B and C, bottom; bars, 50 nm), were analyzed by negative staining electron microscopy (no protein complexes were present in the throat sample). The blown-up regions to the right (indicated with a box to the left) show the presence of gold-labeled IgGFab fragments against H/M1 protein (small bead), IgG (medium bead), and fibrinogen (large bead).
that M1 protein itself has a low affinity for IgGFc, but en hances the binding of IgG (except for the IgG3 subclass) to protein H. Very similar results were obtained in binding experi ments with heatkilled bacteria (Fig. 2 B, bottom) . Next, heat killed bacteria were incubated with human polyclonal IgG. Throughout this study we used a therapeutic polyclonal IgG preparation (IVIG; Octapharma) pooled from >3,500 healthy individuals with the normal IgG subclass composition, at concentrations ranging from 1 to 1,000 µg per ml. The amount of bound IgG was measured using flow cytometry, and polyclonal IgG bound to all strains in a concentration dependent manner (Fig. 2 C) . Differences in IgG binding be tween the strains were observed only at low concentrations (<10 µg/ml). With increasing concentration binding also in creased for all strains, gradually reducing the differences, and at IgG concentrations >100 µg/ml the strains bound IgG to the same extent. For the wildtype strain, the IgG interaction appeared to be biphasic, with a saturation of binding at lower concentrations (3-30 µg/ml), before aligning with the pat tern observed for the mutant strains at high IgG concentra tions. As mentioned, many important bacterial pathogens apart from S. pyogenes express IgGFcbinding proteins. Pro tein A of Staphylococcus aureus and protein G of group C and G streptococci are two wellknown examples, and wildtype bacteria expressing these proteins showed the same interaction pattern as S. pyogenes when tested against monoclonal and polyclonal IgG (Fig. 2 D) . The continued work was focused on S. pyogenes, but these results suggest that the data obtained could be relevant also for other bacterial species with IgGFc binding surface proteins.
At low concentrations, IgG is bound to the bacterial surface via Fc
To investigate the localization and orientation of bacteria bound IgG, we incubated wildtype bacteria with pooled human plasma or saliva samples. The reduced contribution of proteins H and M1 to antibody binding at a high IgG con centration suggests that their function is to be found in set tings with low IgG concentration. In the pharynx, S. pyogenes is exposed to saliva where the reported IgG concentration is considerably lower than in blood. To determine the amount of IgG in the samples used here (pooled saliva and plasma from five individuals), we used heavy labeled reference pep tides and selectedreaction monitoring mass spectrometry (SRM MS) to quantify the different subclasses of IgG ( Fig. 3 and Fig. S1 ). The results confirmed the very large differ ence (10,000fold) in IgG concentration between saliva and plasma, and also showed the distribution of the four IgG subclasses (Table S1 ). After washing, negative staining elec tron microscopy with goldlabeled antiIgG Fab fragments was performed to locate IgG bound to the bacterial surface. After plasma incubation, IgG was found all over the bacte rial surface, and to a high degree in the region of the hair like projections representing proteins M1 and H (Fig. 4 A) . In saliva, however, the antibodies strictly interacted with the central region of these surface proteins (Fig. 4 B) , a region whereas in the blood sample the antibodies mostly inter acted with the bacterial surface through fragment antigen binding (Fab; 61%, n = 300). Notably, most of the bacterial surfaces in blood were covered by aggregates containing IgG and fibrinogen bound to fibrous M1 proteins at the bacterial surface (detected by immunogold labeling). In the necrotic tissue, most of the M1 proteins had been cleaved off the surface, with too few antibodies visible to allow quan tification. In this sample the bacteria were surrounded by large protein complexes, which, by immunogold labeling, consisted of M1, fibrinogen and IgG. This indicates that complexes formed at the bacterial surface had been released by proteolytic cleavage of M1 proteins, which is consistent with earlier reports showing that M1 protein can form com plexes with fibrinogen and IgG (Kantor, 1965; Åkesson et al., 1994; Kahn et al., 2008) . Such released complexes have previously been shown to induce a massive vascular leakage (Herwald et al., 2004) , a cardinal symptom of necrotizing fasciitis and streptococcal toxic shock. These human in vivo data indicated that the role of IgGFcbinding proteins, such as the M proteins, is different depending on the phase of in fection, and that the IgG concentration in the environment should influence their function.
Concentration-dependent bacterial binding of IgG
The surface of wildtype S. pyogenes bacteria are domi nated by M and Mlike proteins (Fischetti, 1989; McNamara et al., 2008) . Many of these proteins, including the M1 protein of the strain isolated from the patient described above, bind to the Fc region of human IgG. In addition, some of the M1 strains express an additional IgGFcbinding Mlike protein called protein H (Frick et al., 1994; Åkesson et al., 1994) , and the strong IgGFcbinding of these strains makes them particularly suitable to study the biological consequences of IgGFcbinding. The bacterial strain infect ing the patient described above was of the M1 serotype and expressed protein H (has the emm1 gene and showed high binding of radiolabeled human IgG). We have previously generated mutants in a wildtype S. pyogenes strain (AP1) expressing both M1 and protein H, these mutants were used in the studies described below. On electron micrographs, proteins M1 and H can be seen as long (50 nm) hairlike structures at the bacterial surface. Isogenic mutants lack ing M1 or protein H have visibly lower amounts of these fibrous structures, whereas they are completely absent in the double mutant (Fig. 2 A) .
To test the IgGFcbinding properties of proteins M1 and H, human monoclonal IgG of the four subclasses was separately incubated with decreasing numbers of live bac teria, and the radioactivity bound to the bacteria was mea sured (Fig. 2 B) . The results show that the wildtype strain and the M mutant bound human monoclonal IgG of all four subclasses, whereas the protein H mutant and the double mutant bound poorly, suggesting that protein H is mainly responsible for the IgGFcbinding activity of wildtype bacteria. The results with the H strain indicated to which previous studies have mapped the binding site for IgGFc (Frick et al., 1994; Åkesson et al., 1994) (Fig. 4 E) . This indicates that specific IgG antibodies in plasma bind to bacterial surface structures via their antigenbinding Fabs, whereas the highly localized binding in saliva suggests bind ing via Fc. The orientation of individual IgG molecules was at the bacterial surface is directly linked to the IgG con centration, bacteria were incubated with polyclonal IgG at plasma (10,000 µg/ml) and saliva level (1 µg/ml), respec tively. The results mimicked those obtained with plasma and saliva, with Fab binding dominating at high IgG concentrations visualized by analyzing the negative staining images at higher magnification. The analysis confirmed that the ma jority of IgG antibodies interacted with the bacterium via Fab in plasma (87%, n = 300; Fig. 4 C) and via Fc in saliva (84%, n = 300; Fig. 4 D) . To test whether the orientation 2002), generating two Fc halves and one F(ab') 2 fragment (Vincents et al., 2004) . By adding IdeS to bacteria with sur faceassociated IgG, the enzyme will remove the Fc part from IgG that is bound via Fab, and Fab from IgG bound via Fc (Fig. 6 A) . In these experiments the bacteria were incubated with different IgGcontaining solutions, and after incubation and washing, the samples were split into two groups; one was treated with IdeS and the other served as a paired control. Fc and Fab fragments at the bacterial surface were detected with fluorescently labeled Fab fragments directed toward either human IgGFc or IgGFab. The samples were then subjected to flow cytometry, and the fluorescence was presented as rel ative to the control sample. To verify the method, we first used monoclonal IgG, which should only be able to bind via the Fc region to the bacterial surface, and confirmed that we could detect bound Fc fragments after treatment with IdeS ( Fig. 6 B) . When wildtype bacteria were preincubated with increasing concentrations of IgG, the dominating signal and Fc binding dominating at low concentrations (Fig. 5) . Collectively, these experiments suggest that the vast ma jority of IgG antibodies in plasma that bind to S. pyogenes surface structures, including proteins H and M1, do so through Fab. In contrast, the low total concentration of IgG, and thereby the low number of specific IgG antibod ies in saliva, results in predominant binding of IgG via Fc, effectively reversing the normal antibody orientation at the bacterial surface.
IgGFc-binding proteins are required to reverse IgG orientation
The significance of IgGFcbinding proteins for the orienta tion of surfacebound IgG was further analyzed by a flow cytometry-based method relying on the highly specific activity of the IgGdegrading enzyme IdeS, a cysteine proteinase se creted by S. pyogenes that cleaves human IgG of all four sub classes in the hinge region (von PawelRammingen et al., Åkesson et al. [1994] and Frick et al. [1994] ).
Binding of IgG subclasses and complement to bacterial surfaces
The IgG subclasses have different roles in the human im mune response, where IgG1 and IgG3 are the most impor tant for activating the complement system (Brüggemann et al., 1987) , as well as triggering Fcmediated phagocytosis (Nimmerjahn and Ravetch, 2008) . The subclass profile of IgG antibodies bound to the bacterial surface may therefore indicate how the bacterium is recognized and handled by the immune system. Thus, S. pyogenes was incubated with pooled and paired plasma and saliva samples from 10 individuals, and the IgG subclasses and complement proteins adsorbed to the bacteria (8 independent experiments) were eluted and quantified by SRM MS. The amounts of IgG (Fig. 3 A) and complement proteins ( Fig. 7 and Fig. S1 and S2) bound to the mutant strains after incubation with plasma or saliva were considerably higher for the plasma samples (in most cases >1,000 fold). In contrast, the difference for the number of IgG molecules adsorbed by the wildtype strain in plasma or saliva was only about 10 fold; approximately 10 6 compared with 10 5 per bacterium (Fig. 3 B) . In plasma, the binding of complement proteins (Fig. 7) showed high levels of C4b binding protein, which has previously been reported (Carlsson et al., 2003) . However, components of the membrane attack complex (C5C9) and C3 also accumulated, indicating efficient shifted from IgGFc to IgGFab (Fig. 6 C) . Specific antibodies binding to and blocking the Fcbinding regions of proteins H and M1 could explain the observed decrease of Fc fragments at high IgG concentrations. The concentrationdependent shift from IgGFc to IgGFab was further supported by the experiments summarized in Fig. 6 D, where the IdeSbased method was applied to investigate the interactions of IgG with wildtype and mutant S. pyogenes bacteria preincubated with human monoclonal and polyclonal IgG, plasma, or sa liva. As expected, monoclonal IgG bound exclusively via Fc to bacteria expressing protein H, whereas the interaction be tween monoclonal IgG and the H and MH mutants was below detection limit. At high concentration of polyclonal IgG (including plasma), Fab interactions prevailed for all the strains, whereas at low concentration (1 µg/ml and saliva) especially wildtype and, to a lesser extent, the M mutant lacking M1 protein but expressing protein H, bound a sig nificant fraction of IgG via Fc. In contrast, the H and MH mutants bound IgG through specific Fab interactions, also at a low concentration of IgG. The results demonstrate that protein H in particular is required to effectively re verse the orientation of IgG antibodies binding to the wild type S. pyogenes bacteria. It is also clear that this mechanism is functional only in environments with low concentration of specific S. pyogenes IgG antibodies. was the difference of bound IgG3, which was threefold higher in plasma versus in saliva. Among the IgG subclasses, the Fc of IgG3 has a lower affinity for bacterial Fcbinding proteins, including protein H (Fig. 2 D) . Again, the data in saliva suggest that proteins H and M1 are both required for efficient Fc binding (Fig. 6 D, saliva) . These results further underline the observation that the binding of IgG in an environment with a low IgG concentration is mediated mainly through Fc. In plasma, however, IgG is bound via Fab, and these antibodies are predominantly of the most efficiently opsonizing IgG1 and IgG3 subclasses. This ori entation and subclass profile indicate that the bacteria nor mally are phagocytosed and killed when they appear in the blood stream.
Reversing IgG orientation promotes bacterial survival
To investigate how IgG orientation and subclass distribution influence uptake and killing by neutrophils, we used a com bination of techniques including flow cytometry, fluorescence microscopy, and plating assays, where wildtype and protein H deletion mutant bacteria were analyzed and compared under plasma and saliva conditions. (Fig. 7) . In the saliva samples, the dominant protein found at the bacterial surface was complement factor H. This binding has been reported for M protein, and was suggested to be a mechanism for the bacteria to inhibit complement activation (Horstmann et al., 1988) , as factor H is a negative regulator of the alternative pathway of complement, and inhibits C3b deposition (Liszewski et al., 1996) . The antibody subclass dis tribution after plasma incubation showed that the levels of bound IgG1 and IgG3 were significantly higher for wildtype bacteria compared with the other strains except for the M mutant, where the amount of IgG3 was very high (Fig. 3,  A and B) . The subclass profile of the wildtype strain represents a clear shift from the profile of the pooled human plasma sample (Fig. 3 B) . As described above, the vast majority of the IgG bound to the surface of S. pyogenes in plasma are spe cific antibodies binding via Fab. The considerable increase of IgG3 interacting with the M mutant indicates that the binding of specific IgG3 antibodies directed against pro tein H is partially blocked by the simultaneous presence of the M1 protein at the bacterial surface. The subclass distri bution was very similar in the plasma and saliva samples, which is in contrast to the IgG subclasses adsorbed to the surface of wildtype bacteria (Fig. 3 B) . Especially notable bacterial surface (Figs. 2-4 ) in the presence of low amounts of complement proteins (Fig. 7 B) . With increasing MOIs, three data trends emerged (Fig. 8 C, inset) that were indepen dent of the bacterial strain used: (1) preincubation in plasma resulted in very efficient phagocytosis, (2) preincubation in heatinactivated plasma or saliva supplemented with IgG lead to less, but still effective, uptake, whereas (3) saliva ex hibited a lower degree of phagocytosis. This indicates that phagocytosis under the conditions studied is enhanced by Fabbound IgG and that the uptake is further increased by complement. To assess the number of internalized bacte ria, we analyzed neutrophils with no adherent bacteria and measured their mean fluorescence intensities (Fig. 8 D) . The results with plasmaopsonized bacteria (Fig. 8 D, pink bars) stress the importance of complement for the uptake. More over, internalization after saliva treatment was low, unless IgG was added. In saliva, which is a less complex environment compared with plasma, high levels of IgG were obviously sufficient to induce efficient phagocytosis. wildtype bacteria, the uptake after incubation with saliva was much lower (see representative images in Fig. 8 B) .
To characterize the time course of phagocytosis, wild type bacteria were compared with the H mutant. The kinet ics were stable after 30 min, and the two strains exhibited similar patterns in terms of the percentage of neutrophils with phagocytosed bacteria (not depicted); thus, 30 min was cho sen as the time point for the continued phagocytosis experi ments. To more accurately account for differences between strains and conditions, the impact of varying the bacterial load (multiplicity of infection [MOI]) was evaluated. The percentages of neutrophils with only intracellular bacteria (Fig. 8 A, bottom right quadrant) were recorded to assess complete phagocytosis (Fig. 8 C) . Wildtype and H bacteria preincubated, respectively, in plasma or saliva (untreated and heatinactivated for 30 min at 56°C), as well as in saliva samples supplemented with polyclonal IgG (10,000 µg/ml), were tested. The addition of IgG to saliva results in high numbers of correctly (Fab) oriented IgG molecules at the (1) and then gated for CD18 (2) before analysis of Oregon Green/DyLight647-labeled bacteria (3). The top right quadrant represents neutrophils associated with extracellular bacteria; the bottom right quadrant represents neutrophils associated with only intracellular bacteria; and the bottom left represents cells that are not associated with bacteria. (B) Two representative image series from three independent experiments are shown for wild-type bacteria opsonized with either human plasma or saliva (30 min phagocytosis, MOI 25). Differential interference contrast images (top left) show the localization of the neutrophils; this is represented as a thin white line in the other images. All bacteria (Oregon Green-labeled) are shown in green, and extracellular bacteria are shown in magenta (Cy3-labeled anti-IgG). Bars, 10 µm. (C and D) Wild-type and H-mutant bacteria were analyzed after opsonization with either plasma, saliva, heat-inactivated (56°C) plasma and saliva, or saliva samples supplemented with pooled polyclonal IgG (10,000 µg/ml). The bars in groups of five represent MOI 1, 5, 10, 25, and 50 (30 min phagocytosis) and the inset in C shows the same data as a line graph. (C) Percentage of the neutrophil population that has fully internalized at least one bacterium. (D) Mean fluorescence intensity of intracellular bacteria as a relative measure of the number of internalized bacteria per neutrophil. Data are representative of two independent experiments. (E) Intracellular survival of wild-type and H-S. pyogenes was measured after 1 h of phagocytosis by human neutrophils. The bacteria (MOI 10) were opsonized with plasma, saliva, or saliva supplemented with polyclonal IgG (10,000 µg/ml). The data show survival relative to the starting point. Significant differences were recorded when wild-type bacteria preincubated with saliva were compared with either wild-type bacteria treated with plasma (P = 0.023), or to the three samples of H-bacteria preincubated with plasma, saliva, or saliva supplemented with polyclonal IgG (P = 0.034, 0.033, and 0.027, respectively). Data are from three independent experiments. a human being. This is important because the IgGFcbinding proteins in S. pyogenes do not bind mouse and rat IgG (Åkesson et al., 1994) , which underlines the specificity for the human host and makes it virtually impossible to find a relevant ani mal model for S. pyogenes infections.
Most individuals develop specific antibodies early in life against the various common bacterial species that are equipped with IgGFcbinding proteins, and the present study demon strates that at high concentrations of IgG, such as in blood plasma, most of the antibodies bind to S. pyogenes in an opso nizing manner. The reduced contribution of IgGFcbinding could be explained either by saturation of IgGFcbinding sites or by the presence of IgG that bind to their specific anti gen with a higher affinity compared with the Fcbinding bac terial protein. Our results favor the latter explanation. The affinity of protein H for IgGFc is high, K d = 1.6 × 10 9 M (Åkesson et al., 1990) , and relatively low for M1 protein, K d = 3.4 × 10 6 M (Åkesson et al., 1994) . Neither is as strong as the affinity reported for many antibodies for their specific antigen (K a > 10 10 M 1 ). At the bacterial surface there will be a constant equilibrium exchange, and the molecules with the strongest interactions will be enriched over time, likely favoring antibodies binding via Fab. This notion is supported by the binding curves for polyclonal IgG (Fig. 2 C) , where the strains lacking protein H exhibit a sigmoidal binding pat tern, indicating a single type of specific interaction. In con trast, Fcbinding would generate a linear relationship on a log-log scale. The two protein H-expressing strains exhibit a bimodal pattern, with an apparent saturation at lowmid concentrations, and then joining the sigmoidal response at higher concentrations. This correlates well with the shift from Fc to Fabbinding observed in Fig. 6 C. Compared with an IgGrich environment, the binding pattern at low IgG concentration, such as in saliva, was very different with preferential interaction through Fc.
To obtain a complete and quantitative map of both IgG subclasses and complement proteins binding to the strepto coccal surface in plasma and saliva, mass spectrometry tech niques were used. Some interesting conclusions can be drawn from the results, especially for wildtype bacteria. In plasma, the bacteria are perfectly opsonized for phagocytosis, as they are coated with Fabbound IgG1 and IgG3 and large amounts of complement proteins of the classical and alter native pathway (no proteins from the lectin pathway were identified). In contrast, there is only one complement protein present at high levels in saliva; factor H, an inhibitor of the alternative and classical pathways (Liszewski et al., 1996) that was found to interact with M proteins (Horstmann et al., 1988) . Otherwise, the wildtype bacteria are covered with Fcbound IgG1 and IgG2. With this background, the results from the phagocytosis experiments are as expected: efficient neutro phil-bacteria interaction, uptake and killing after opsoniza tion with human plasma, and the opposite after incubation with human saliva from the same donors. It is more difficult to distinguish between the exact contributions of IgG orien tation and/or complement inhibition. The protein H mutant The large difference in phagocytosis between plasma and salivatreated bacteria and the finding that phagocytosis of S. pyogenes is largely independent of IgGFcbinding proteins, left us with an unanswered question: what is the role of IgGFcbinding proteins in an environment with low IgG concentration, such as saliva? Because wildtype S. pyogenes bacteria are known to survive intracellularly in neutrophils (Staali et al., 2003) , this was investigated under the afore mentioned conditions. Wildtype and H mutant bacteria, preincubated with plasma, saliva, or saliva supplemented with polyclonal IgG (10,000 µg/ml), were phagocytosed by neutrophils and the intracellular survival was deter mined after 1 h (Fig. 8 E) . The results show that wildtype bacteria survived significantly better after opsonization with saliva compared with plasma (P = 0.023), and also compared with H bacteria preincubated with plasma (P = 0.034), saliva (P = 0.033), or IgGsupplemented saliva (P = 0.027). This suggests that IgGFcbinding proteins in an environ ment with low IgG concentration promote intracellular survival of S. pyogenes.
DISCUSSION
The patient described in this study was colonized by S. pyogenes in the throat but showed no local symptoms. During an asymptomatic carrier state, it is likely that small numbers of bacteria occasionally invade the microcirculation of the epi thelium. Normally such bacteria are rapidly recognized and eliminated, but if they reach a damaged tissue site via the blood stream, this could provide a protected environment rich in nutrients where the pathogen can colonize and grow. After working in the garden, our patient felt pain in her right thigh, probably caused by a muscular bleeding. In this region, the infection was established and rapidly expanded into nec rotizing fasciitis and toxic shock. The fact that the patient has diabetes and was under immunosuppressive treatment for rheumatoid arthritis could have contributed to this develop ment. However, in many cases of severe invasive S. pyogenes infections there are no such underlying factors. Whether the bacteria identified in the blood originates from the throat or from necrotic tissue in the thigh remains an open question. However, the access of bacteriacontaining samples that could be analyzed directly by electron microscopy from the three sites offered a unique opportunity to follow the pres ence and orientation of IgG antibodies at the bacterial surface during different phases of infection. The observation that IgG antibodies in the throat sample are associated with the surface mostly via Fc, but in blood through immune Fabbinding, provided a clue to the function of IgGFcbinding proteins. Moreover, and as mentioned above, previous work has indi cated that the M protein-fibrinogen-IgG complexes released from the bacterial surface by proteolytic enzymes in the in flamed and necrotic tissue play an important role in the sys temic vascular leakage that often has fatal consequences in patients with necrotizing fasciitis and toxic shock. S. pyogenes is an exclusive human pathogen, and for the first time the whole chain of events could now be followed and clarified in (Leo and Goldman, 2009) , are exposed to low concentra tions of IgG in the gastrointestinal tract (Kaper et al., 2004) . Another fact that may also support a similar function for IgGFcbinding proteins in general, and at the same time shed light on an old observation, is their convergent evolution. Thus, proteins A, G, and H all bind to the C2-C3 inter face of IgGFc despite a complete lack of sequence homology in their Fcbinding regions (Frick et al., 1992) .
Before this investigation, we and our colleagues in the field had been puzzled by the fact that S. pyogenes is equipped with several highly specific IgGinteracting and degrading proteins despite the low concentration of IgG in the skin and the pharynx. Apart from the IgGFcbinding proteins of the M protein family, IdeS, which has been such a valuable tool in this study, cleaves IgG with a unique degree of speci ficity (von PawelRammingen et al., 2002) ; no other substrate has been identified. In addition, S. pyogenes secretes EndoS, a glucosidase that specifically removes the glycan from IgGFc (Collin and Olsén, 2001 ). The powerful effect of proteins H and M1 in an IgGpoor environment in contrast to blood plasma helps to clarify this apparent paradox. In more general terms, and perhaps selfevidently, the data indicate that the biological consequences of a molecular microbe-host inter action is to be found in the ecological niche where the mi crobe has evolved.
MATERIALS AND METHODS

Bacterial strains and culture conditions
S. pyogenes, Group G streptococci (G148; Björck and Kronvall, 1984) , and S. aureus (Cowan I; Forsgren and Sjöquist, 1966) were cultured in TH me dium (Todd Hewitt Broth; Bacto; BD) at 37°C in an atmosphere supple mented with 5% CO 2 . The wildtype S. pyogenes AP1 strain (40/58) is of the M1 serotype and was provided by the World Health Organization Strepto coccal Reference Laboratory in Prague, Czech Republic. Three isogenic AP1 mutant strains were used; the MC25 strain expresses protein H at the surface but lacks cell wall-anchored M1 protein (Collin and Olsén, 2000) , the BM27.6 strain expresses M1 protein but completely lacks protein H (Berge et al., 1997) , and the BMJ71 strain is devoid of both surface proteins (Kihlberg et al., 1995) . Whenever required, suitable antibiotics were added to the medium at the following final concentrations: 150 µg ml 1 kanamycin (MC25), 1 µg ml 1 erythromycin (BM27.6), and 5 µg ml 1 tetracycline (BMJ71). Bacteria were generally harvested at early log phase and washed three times in PBS. Bacterial concentrations were determined using flow cytometry (FACSCalibur; BD) with CountBright beads (Invitrogen) added as volume standard. The bacteria were then either used immediately or heat killed at 80°C for 5 min in a heat block (agitation at 800 rpm), followed by rapid cooling of the samples in icecold water. The patient strain was isolated from a throat swab and from wound fluid, and its serotype was determined to be of the M1 serotype by PCR and sequencing. The presence of protein H at the surface of the patient strain was determined by measuring binding of radiolabeled human IgG. At a bacterial concentration of 4 × 10 8 CFU CFU, >50% of the radioactive signal was detected; this represents strong binding in comparison with earlier studies (Åkesson et al., 1990) .
Human neutrophil isolation
Whole human blood from healthy donors was layered on Polymorphprep (AxisShield) and centrifuged at 400 g for 35 min at 18°C. The neutrophil layer was recovered and suspended in 50 ml Ca 2+ and Mg 2+ containing PBS. After centrifugation at 350 g for 10 min, erythrocytes were removed by hypotonic lysis for 20 s. The cells were then pelleted at 250 g (5 min), behaved similarly in plasma, indicating that IgGFcbinding pro teins are superfluous in plasma, probably because of IgG anti bodies binding to surface antigens via Fab. In saliva, there is a small increase of phagocytosis of H bacteria in normal saliva as compared with wildtype, but not in heatinactivated saliva. This indicates that complement might play a role also in saliva, but the effects are small compared with the plasma samples.
To be able to evaluate phagocytosis and intracellular survival correctly, it is important that the bacterial load is the same when comparing samples. However, we could only make sure that the starting conditions were the same, and in the case of the survival assays, the actual numbers per neu trophil will be different because of differences in the inter nalization process as shown by the flow cytometry assays. Nevertheless, despite fewer bacteria per neutrophil in the saliva samples, they still survived better than in the plasma samples. This emphasizes that the bacteria are protected in saliva; it should be easier for the neutrophils to kill the few salivaincubated bacteria that are internalized as compared with the large numbers per neutrophil in plasma samples. Even if the difference is smaller, the same holds true when comparing wildtype with H mutant bacteria. Therefore, the survival of wildtype bacteria is probably underesti mated in saliva, showing that bacteria binding factor H and IgG via Fc not only avoid detection and internalization more effectively, they also survive better intracellularly.
Bacterial sepsis is a clinically highly significant condition estimated to kill several million individuals annually (Cohen, 2002; Rittirsch et al., 2008) , and a deeper understanding of the molecular and cellular bacterial-host interactions in the blood stream during sepsis will be required to identify novel therapies against one of the leading causes of death world wide. However, bacteria-host relationships are in general wellbalanced and, compared with the healthy carrier state and uncomplicated local infections, sepsis is an extremely rare condition, implicating that the evolution of human bacterial pathogens is taking place in environments other than blood. At the same time, local infections, including bacteria of the normal flora, regularly spill over to the microcirculation in low doses without causing disease. The effective elimination of these should be beneficial to the host, but could also add selective advantages to the bacteria; why kill your host or in duce an inflammatory response that may negatively influence your preferred habitat (Sansonetti, 2004) ? The present results support this view, and suggest that IgGFcbinding pro teins of S. pyogenes have evolved to protect the bacteria in their natural setting. In contrast, they do not provide pro tection in the blood stream with its high concentration of complement proteins and specific IgG antibodies. Although not studied in such detail as S. pyogenes, the data concern ing S. aureus and group G streptococci (Fig. 2 D) suggest that their IgGFcbinding proteins (A and G, respectively) play a similar biological role. These species are also normally found in IgGpoor environments in the skin, the nostrils, and the pharynx (Wertheim et al., 2005) . Likewise, E. coli expressing the more recently discovered IgGFcbinding EiB proteins
Analysis of intracellular bacterial survival
Intracellular survival of S. pyogenes was analyzed similarly to what has been de scribed previously (Nordenfelt et al., 2009) . In brief, before presentation to cells, bacteria were opsonized (see above) and then gently centrifuged (200 g, 2 min, swingout) to remove aggregates (checked by microscopy). After equilibration at 37°C, neutrophils were presented to the bacteria by centrifugation (12,000 g, 30 s, fixed angle). The phagocytic process was halted by placing the samples on ice, and extracellular bacteria were removed by thorough washing (200 g, 2 min, swingout). After washing, the temperature was raised to 37°C to allow continued phagosomal mat uration. Samples were withdrawn after 30 min, and the neutrophils were lysed by incubating the samples for 5 min at pH 11.0 with water as previ ously described (Decleva et al., 2006) . The samples were serially diluted in TH, and then plated on THagar plates. After an overnight incubation at 37°C, the number of CFUs was determined.
Mass spectrometry
SRM transition lists were generated using a previously published method (Lu et al., 2007; Picotti et al., 2010) . Protein samples were denatured using 8 M urea, reduced with 5 mM TCEP, and alkylated with 10 mM iodoacet amide before overnight trypsinization. Trypsin was inactivated by lowering the pH to 2 and the peptides were immobilized onto C18 columns (Ultra Micro Spin Silica; Vydac). After multiple washes, the peptides were eluted (acetonitrile/formic acid) and solvents were evaporated in a SpeedVac cen trifuge. After resupension, the samples were briefly sonicated before storage at 80°C. The samples were loaded onto an RPHPLC column for peptide separation and subsequently introduced into the mass spectrometer through electrospray ionization. The peptide ions are filtered through the three quad ropoles guided by the previously generated SRM assays to collect measure ments for each selected peptide. Identified IgG peptides (Fig. S1) were synthesized (Aqua QuantPro; Thermo Fisher Scientific), and the known con centrations were used to absolutely quantify the peptides used for IgG mea surements (DTLMISR, NQVSLTCLVK, GPSVFPLAPSSK, GLPAPIEK, SCDTPPPCPR, and GLPSSIEK).
The SRM measurements were performed on a TSQ Vantage triple stage quadrupole mass spectrometer (Thermo Fisher Scientific) equipped with a nanoelectrospray ion source (Thermo Fisher Scientific). Chromato graphic separations of peptides were performed on an Eksigent 2D NanoLC system (Eksigent) with a PicoTip Emitter (10µm tip, 75 µm × 12 cm; New Objective) packed with ReprosilPur C18AQ resin (3 µm; Dr. Maisch GmbH). The mobile phase consisted of solvent A, 0.1% aqueous formic acid, and solvent B, acetonitrile with 0.1% formic acid. Peptides were eluted with a flow rate of 300 nl/min with a gradient of 97% solvent A at 0-5 min, 85% solvent A at 8 min, 65% solvent A at 42 min, and 10% solvent A at 45-50 min. The mass spectrometer was operated in SRM mode with Q1 and Q3 set at unit resolution (FWHM 0.7 D) . A spray voltage of +1,700 V was used with a heated ion transfer setting of 270°C for desolvation. Data were acquired using the Xcalibur software (version 2.1.0). The dwell time was set to 10 ms, and the scan width to 0.01 m/z. All collision energies were calcu lated using the formula: CE = (Parent m/z) × 0.034 + 3.314.
Electron microscopy
Patient sample preparation. A scrape from the throat was obtained with a plastic wire loop. The material at tip of the loop was resuspended and fixed in 100 l EM fix (2.5% glutaraldehyde, 0.15 M NaCacodylate, pH 7.2). 10 ml of blood was centrifuged at 200 g for 10 min. The supernatant was collected and centrifuged at 3,000 g for another 10 min, and the resulting pellet was fixed and resuspended in 50 l EM fix. Wound fluid (200 l) was resuspended in EM fix (800 l).
Negative staining. The location of IgG antibodies binding to bacterial surface proteins was analyzed by negative staining and transmission elec tron microscopy, as previously described (Engel and Furthmayr, 1987) . IgG samples were either used directly or conjugated with 10 nm colloidal gold. Suspensions of bacteria (1%) were mixed with of IgG, or IgGAu counted using a hemocytometer, and resuspended in Namedium (5.6 mM glucose, 127 mM NaCl, 10.8 mM KCl, 2.4 mM KH 2 PO 4 , 1.6 mM MgSO 4 , 10 mM Hepes, and 1.8 mM CaCl 2 ; pH adjusted to 7.4 with NaOH) at a concentration of 10 7 cells ml -1 . After purification, the neutrophils were gently rotated endoverend at room temperature.
Adsorption and opsonization of bacteria
Heparintreated human plasma and saliva samples from 10 healthy individ uals were prepared as described by Rai et al. (2005) and Henson and Wong (2010) , respectively. EDTAfree Complete Mini protease inhibitor cocktail (Roche) was added to both sample types before aliquotation and storage at 20°C. Intravenous immunoglobulin (IVIG; Octagam, Octapharma) consists of human IgG from >3,500 pooled plasma samples from healthy individuals. Bacteria were incubated with plasma, saliva, or IVIG for 30 min at 37°C in a shaking heat block (500 rpm), and then washed three times (5,000 g, 5 min, swingout) with Namedium. For some experiments, the bacteria were first sonicated (VialTweeter; Hielscher) to disperse large aggregates.
Flow cytometry analysis of bacterium-associated IgG
Bacteria were incubated with DNAprobe Syto9 (Invitrogen) and antiIgG Fab fragments (DyLight649conjugated anti-human IgG; Jackson Immuno Research Laboratory). Flow cytometric analysis was performed using a FACSCalibur flow cytometer (BD) equipped with 488 and 633nm lasers. Bacteria were sorted using a sidescatter threshold and gated for bacterial DNA in FL1. IgGsignal was recorded in FL4. For each sample at least 10,000 events were recorded, and the results were analyzed using the Cell Quest Pro software (BD) and FlowJo 8.8.6 (Tree Star).
Radioligand binding assay
Bacterial overnight cultures were washed twice in PBST (10 mM sodium phosphate buffer, pH 7.2, containing 0.12 M NaCl and 0.05% Tween20), and resuspended in PBST to a concentration of 2 × 10 9 CFU/ml. A serial dilution of bacteria (200 µl) was mixed with 25 µl of 125 Ilabeled protein (10,000 cpm) and incubated at room temperature for 1 h. Cells were spun down, and the radioactivity associated with the pellet was determined in a gamma counter (PerkinElmer).
Antibody orientation assay
Bacteria were incubated with IgGcontaining solutions as described above and washed. The samples were split and one fraction was incubated with IdeS (0.5 µg/ml, 2 h, 37°C), with the other serving as internal control. Both fractions were washed and split once more so that each bacteria condi tion generated four samples. These samples were analyzed with flow cy tometry as described above, except with detection of IgGFc and IgGFab (DyLight649conjugated anti-human IgGFc or IgGFab; Jackson Immu noResearch Laboratory) instead of whole IgG. The data are presented as percentage signal of the internal control.
Phagocytosis
Bacteria were incubated with IgGcontaining solutions as described above and stained with 20 µM Oregon Green 488X succinimidyl ester (Invitrogen) for 30 min in the dark at room temperature. Excess fluoro chrome was then removed by washing the bacteria three times in Na medium. Neutrophils were incubated with fMLF (1 µM, 10 min, 37°C) before bacteria were added at different MOIs (1, 5, 10, 25, or 50) . The samples were put on overend rotation in a 37°C incubator, and aliquots were withdrawn at indicated time points and placed on ice. Samples were kept on ice until flow cytometry analysis or fixed with 2% PFA for microscopy analysis. Samples were incubated with PEconjugated anti CD18 (integrin  2 subunit) and DyLight649conjugated antiIgG Fab fragments. Gating was performed using forward scatter versus side scatter, and gating for cells positive for phagocytosis was performed by selecting for Oregon Green-positive and DyLight649negative cells in the gate corre sponding to neutrophils (CD18positive). For each sample, 10,000 events were analyzed using FlowJo (Tree Star).
conjugates, and then incubated for 1 h at room temperature. 5µl ali quots were adsorbed onto carboncoated grids for 1 min, washed with two drops of water, and stained on two drops of 0.75% uranyl formate. The grids were rendered hydrophilic by glow discharge at low pressure in air.
Ultrathin sectioning. Bacterial suspensions were fixed (1.5% paraform aldehyde and 0.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4) for 1 h at room temperature, followed by washing with 0.1 M phosphate buffer, pH 7.4. The fixed and washed samples were subsequently dehy drated in ethanol and further processed for Lowicryl embedding (Carlemalm et al., 1985) . Sections were cut with an LKB Ultratome and mounted on gold grids. Sections were washed with distilled water and poststained with 2% uranyl acetate and lead citrate. All samples were examined with a JEOL JEM 1230 electron microscope operated at 80kV accelerating voltage. Images were recorded with a Gatan Multiscan 791 chargecoupled device camera.
Fluorescence microscopy
Acquisition of images was performed using a fluorescence microscope (Nikon Eclipse TE300 equipped with a Hamamatsu C474295 cooled chargecoupled device camera, using a Plan Apochromat 100× objective with NA 1.4) and a N.A 1.4 oil condenser. The acquisition software used was Nikon NISElements 3. Images were processed using Adobe Photo shop CS5 and ImageJ. In all figures, acquisition of images was made using the same exposure time for each fluorophore. During postprocessing (only linear changes), the images were treated identically to maintain the relative intensity.
Statistics
In Fig. 8 , GraphPad Prism 5 was used for repeated measure oneway ANOVA with Bonferroni multiple comparison correction. Fig. S1 shows SRM analysis of IgG subclass distribution. Fig. S2 shows a heat map over bacteriabound complement system molecules from SRM adsorp tion experiments. Table S1 shows IgG levels in saliva and plasma. The sup plemental text details the patient's case history. Online supplemental material is available at http://www.jem.org/cgi/content/full/jem.20120325/DC1.
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